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A NEW DISTORTION ANALYZER WITH AUTOMATIC NULLING 
AND BROADENED MEASUREMENT CAPABILITY 

A new audio-RF distortion analyzer has been designed 

which, when roughly pre-tuned, tracks the signal to be 

measured and automatically nulls the fundamental frequency. 

More consistent measurements ore thus obtained — and over 

a wider frequency range* 



The total harmonic distortion 
method of analyzing the effe ts of sys- 
tem non-linearity has been popular for 
a number o£ years because of the speed 
ami simplicity of the equipment need- 
ed for making the measurement, The 
method is mm ey<ea more .him, live .h 
a ii-Mih ol recent developments that 
permit the signal-filtering put ol the 
iMt isincnu ni to be performed autn 
im.hu ally, 

A new r » Il/tofiOO k\\/ distortion 
analyser has been designed with th- 
en its that automatically tune the fejec- 
tioii filter kj suppress the fundamental 
of the input signal While the remaining 
signal components are measured, I tie 
operator need only tune the filter ap- 
proximately to the null Lhen switch to 
the automata mode whereupon the in- 
strument seeks the true null and t& 



nuns it. Distortion measurements thai 
Formerly required patience and consid- 
erable skill, because ol the sharpness of 
the rejection Biter, tnaj now be pi ■>■ 
formed without requiring a high 
degree ol operator training. Besides 
simplifying distort inn measurements, 
automatic nulling also assures accuracy 
and n fnMLihiliis, especially if the test 
signal tends to drift. 

In addition to automatic nulling, 
the new Distent ion Analyzer has other 
refinements made possible by new 
solid-state devices* As a result, overall 
performance of the new analyzer is 
greaiJv improved with respect to its 
vacuum-tube predecessors Distortion 
levels lower than 0*03% are easih ie- 
solved since the most sensitive range ol 
the distortion measuring (ire nits is 



<U% lull scale (*M /r V) and the noise 
level is less than 2~> uY nils. 

The rejection filter tutting range has 
been increased considerably beyond 
the audio range in the new instrument, 
the lull ran^e now being 5 Hi to 600 
kHz. In addition, the voltage-measur- 
ing i ie<juen< v range has been extended 
up to 8 Mil/ (Fig, 2), enabling meas- 

uiement of frequency components as 
high as the hfth harmonic of 600 kHz 
signals. 

lb reduce interference from power- 
tine hum, if present in the signal being 
measured, the Analyzer has a switch* 
able high-pass filter for use with input 
signals higher than 1 kHz. The filter 
attenuates hO-H/ power-line interfer- 
ence b) more than 40 <IB, Rear panel 
terminals permit Operation from hat- 
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Fig. t. Model 334 A Distortion Analyzer has higher sensitivity and 
broader bandwidth than raeuumtube predecessors. I natrium* tit reads 
distort tort directly in percent of total signtit or in decibels below total 
signal level. Higher sensitivity of neu Analyzer ulltncs 'Set LettT ( 100% 
or dB) to be placed on Q.3-V Voltmeter range (10 dB thus must be 
added to readings when instrument is used as dll meter in Volttn 

mode). 
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Fi#. 3. Elements of Distortion Analyzer. Instrument functions as broad- 
band calibrated ac voltmeter in 'Voltmeter 1 mud*' and as signal level indi- 
tutor in Set Level' mode. In 'Distortion modi\ Rejection Amplifier tan 
he tuned hi suppress fundamental frequency of input signal, permitting 

comparison >>[ distortion components level to total signal level. 



wyw\ should ii be desired to eliminate 
ground loops arising hum power line 
interconnects. 

I he new instrument also has an RF 
detector 10 enable distortion measure- 
ments of the modulating waveform on 
the earlier of AM radio LraiiMii liters* 
A meter with VI 1 ballistic characteris- 
tics has been designed for use with an- 
alyzei s that .ire to be used for perform- 
ant e checks conforming to FGG regula- 
tions, 

CIRCUIT ARRANGEMENTS 
i he basi< design of the new Distor- 
tion Vnaly/er essentially follows aw 
voltmeter practice in that there is a 
low-noise impedance converter at the 
input, followed bv an attenuator, a 
broadband amplifier, an ac-to-dc con- 



■E 

















• 








-*- 
















u 


Kf 


IW 


mt 


imi 


LDhKz 


lOOkMj 


ItMH 







600k Hi junt 



Fig. 2, Typical frequency response of new 
Distortion Analyzer, tapper cunt' shows 
of meter t" constant amplitude 
input si gnat with Distort ion Analyzer in 
Voltmeter 1 mode, Ii espouse is a it h in 2% 
(Q£ dB) throughout 6 H Z *3 Mil' range. 
Lower curve is with instrument in 'Set 
Lei el tm thoum* response is flat 

considerably hcyond 7 ff:-H00 Iff: reje<- 
tion filter tuning range. 



verier, and ;■ meter, a<> shown in the 
I » I < >< k diagram ol 1 m ■. I fie tunable 
reje< nan amplifier in switched in or out 
as required, 

! he Impedance ton verier uses a 
field-etleet transistor (PET) to obtain 
exceptional!) high input tmpedano 



and a noise level that is less than 25 pV 
referred r < « the input uith input 
shorted). The FET input « i r < nil is 
bootstrapped to iuMire that the input 
impedance has high Unearit) and that 
the gain at the input ol the converter 
is independent ol source impedance. 



TOTAL HARMONIC DISTORTION MEASUREMENTS 



Total harmonic distortion (THD) meas- 
urements are made by applying a sine wave 
signal of high purity to the input of a sys 
tern under test while the distortion analyzer 
measures the system output A tunable 
notch filter in the analyzer suppresses the 
signal fundamental, leaving the distortion 
components to be measured by the analyz- 
er's voltmeter circuits. The ratio of the 
measured distortion components to the 
total signal output, including fundamental, 
is defined as the distortion and can be read 
directly on the meter. 

The method is fast in that it is onfy 
necessary to estabhsh a reference level with 
the filter switched out and to then make a 
reading with the filter, tuned to reject the 
fundamental, in the circuit. The measure 
ment may be made quickly at several fre- 
quencies within the passband of interest, 
one of the mapr advantages of the THD 
method. 
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Viewing the distortion products pre- 
sented at the distortion analyzer output 
terminals can also provide considerable 
supplementary information about system 
performance (see photo above). Small os- 
cillations or discontinuities that may not be 
noticeable on the total waveform are seen 
on the oscilloscope display of the residuals. 
Nojse, hum, and other non harmonically 
related interference can also be identified. 

Distortion analyzers also provide other 
jnformation about the performance of a 
system. Gain or loss, frequency response, 
and noise may be measured, using the in- 
strument as a broadband ac voltmeter at 
the same time that distortion measure- 
ments are made. 
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I he toad resistors For rhe FETand the 
second stage arc .ils<> bootstrapped, all 
within an overall negative feedback 
loop to achieve hlgfi loop gain and 
therefore high linearity lot- the im- 
pedance converter transfer t harac tei is- 
tic. This insures that the converter in- 
troduces negligible distortion into the 
signal, 

The broadband meiei amplifier also 
uses a large Feedback factor for lin- 
earity and gain stability. The ac-to^di 
converter circuit is of the type wherein 
each diode conducts lor a lull half- 
cycle. The meter thus responds to the 
average value of the waveform hut it is 
calibrated to read tire rms value of a 
sine wave. Ordinarily, any difference 
thai may exist between the average-re* 
spending meter indication and the 
true rms value is small 1 and of little 
concern since the majority "i distor- 
lion measurements are of a relative na- 
ture. If the true rms value of the resid- 
ual waveform is desired, however, it is 
readily found hv connecting an tins- 
responding meter to the mini in 
minals oi the analyzer. 

The* uiiiri terminals supply a 
voltage ih.it is proportional to thecur- 
rent supplied to the meter rectifiers. 
The output is taken from the calibra- 
tion network in the feedback circuit ol 
the meter amplifier and thus, at fre- 
quencies up to 600 kHz. the output 
waveform is not subject to the diode 
i rossover distortion thai has been < bar- 
acteristk n\ earliei average-responding 

circuits. Maximum output, i 

spending to full-scale meter deflection 
is 0,1 V rins. 

i Bernard M. Oliver, "Same Ejects of Waveform cm VTVM 
Re a d i rrgs. ' 'He* I ell-Packard Journal.' Vol. 6, Nos. 8, 9, and 
10. April -May. 1955, 
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Fig. 4. Rejection amplifier has 
bridge in interstate cou- 
pling network to suppress 
fu ndamen tat of in pu t s ig not 
when instrument is in Dis- 
tort km' mod*-. In Set Level' 
mode, one corner of bridge is 
grounded and signal is cou- 
pled through with no frequency 
rejection. Feedback flattens 
response of total amplifier, 
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REJECTION AMPLIFIER 

During a distortion measurement, 
die fundamental component of the sig- 
nal is rejected hv the tunable Wien 
in i Ik* interstage coupling net- 
work of ill*- rejection amplifier (Fig, 4), 
fo prevent a inn nation of harmonics, 
i Fie distoi tidn analyzer uses heav) feed* 
back around the rejection amplifier to 

llatteti the overall response, except in 
the deepest pan ol the notch where the 
Wien bridge attenuation is greatei 
than available amplifier ^ain. With 
feedback, sharpness of the null is in- 
i teased, as shown by the dotted line iw 
Fig "«. The notch width is only 0.007% 
of the center frequem j ai the 70-dK 
points and the second Jiainionit is at- 
tenuated typically Less than EK2 dli 
within .1 fundamental range of li<> 11/ 
to 2(» kl I/, while tin- fundamental is at- 
tenuated more than 8(1 clB. 

AUTOMATIC NULLING CIRCUITRY 

The automatic nulling system is 
based on the phase characteristics of 
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Fig. 5. Frequency response 
characteristics ocro$$ porters 

of Wien bridge with and with- 
out ore rat f amplifier feedback. 
Diagram of so shows phase 
plot, which has discontinuity 
from ±90 to —90 at center 
of rejection not eh. 
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the Wien bridge, plotted as the dashed 
line in Fig, 5. As shown* the phase ol 
the residua] signal across the corners of 
the bridge lags the driving signal by 
9(1 \ if the bridge is tuned slightly be- 
low rhe signal frequency, and leads I>\ 
(K) if i fie bridge is tuned above. A 
phase sensitive detector therefore is 
able to sense any mistuning and indi- 
cate the direction that a correction 
should take. 

Similarly, unbalance in the resistive 
arm Of the bridge results in an output 
signal that is either in phase or 180" 
our of phase with tlu. driving signal, 
depending upon the direction of im- 
balance. 71i us. two phase-sensitive de- 
tector^ one with the reference signal 
phase-shifted 90°, are able to separate 
the effects of unbalance in both the re- 
sistive and reactive arms, and to pro* 
vide information h>r readjustment. 

Automata readjustment is provided 
by photoconductors in the arms of the 
bridge, as shown in the diagram of Fig. 
6. I fu photoconductors in the reai Live 
arm are illuminated by lamps con- 
trolled by the quadrature phase-sensi- 
tive detector. The photoconductor in 
the resistive arm is illuminated by a 
lamp controlled fay the in-phase detec- 
tor. The outputs of the phase detectors 
thus adjust the resistance of the photo- 
conductors by means of the lamps to 
bring the bridge into balance. 

The circuits are able to track fre- 
quence deviations ol at least 1%. Typ- 
ical instrument response time is on the 
order of 5 seconds for a 1% step change 
in frequency, assuring no delay in the 
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Fig. 6. Rejection amplifier with 
automatic nulling circuitry. 
Phase detectors sense bridge 
unbalance and control intensity 
of lam pa to vhnnge resistant e of 
ph o t 01 on due to rs . th us a dju s t in g 
bridge to reject fundamental 
frequency of input signal. 



measurement if the frequency should 

The bridge is self-compensating as 
fat as temperature changes are con- 
n Mud. The servo action of the auto- 
matic nulling circuitry maintains the 
mil! at all times, even though photo 
conductors tend to drift with changes 
in temperature. 

READING DIFFERENCES 
Automatic nulling greatly simplifies 
using a distortion analyzer and makes 
certain that the null is retained, as- 
suring accuracy and repeatabilirv \ct 
tnmatit nulling also is less $ub]€i | to 
certain timing errors. For instance, ex- 
perience has shown that there ma\ be 
slight differences between the null ob- 
tained by manual tuning ant! that ob- 
tained by use of the 'Automatic 1 mode. 
This can occur il the phase of the har- 
monics is such that a small amount of 
fundamental reduces the total area of 
the residual waveform. Slight manual 
mistiming of the rejection amplifier 
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may thus result in an artificially low 
milL On the other hand the phase de- 
tectors of the automatic nulling system 
respond primarily to the magnitude of 
the fundamental and do inn attempt 
to minimize the total waveform passed 
to the metering circuit. 1 Fence, auto- 
mati< nulling is less subject to this type 
of error. 

The phase detectors arc gated by a 
square wave derived from the funda- 
mental and are thus somewhat sensi- 
tive to the phase of odd signal harmon 
its. This can lead to errors although 
t fie errors arc relative!) small corn- 
paid I to those thai arise from slight 
mistiming ol a manually-controlled in- 
strument. The errors that can result 
from the phase of the odd harmonies 
are plotted in Fig. 7. whi<h shows 
maximum errors to be less than 2 dB, 
\ null reading that is 1^ dB high, when 
the true null is62dB, ts the same as the 
difference between 0-1% distortion and 
Typically, the largest reading 
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Fitf. 7. Possible differences between manual and automatic nulling depth 

resulting from phase displacement of odd harmonies. Majority of differ- 

em es are less than 1 dB and in practice, seldom exceed J ■> dB. 




CHARLES R, MOORE 

Dick Moore graduated from Prince- 
ton University in 1956 with a BS de- 
gree in Geological Engineering and 
then spent two years in the Army as 
a communications section chief. On 
completing his Army service, he worked 
for two years in automatic control sen- 
sors and then entered the University 
of California. After obtaining a MSEE 
degree in 1961, Dick joined Hewlett- 
Packard where he worked on the— hp— 
Model 716B Klystron Power Supply and 
as Group Leader on the 400 E and 400F 
AC Voltmeters and on the 331A-334A 
Distortion Analyzers. 




TERRY E. TUTTLE 

Terry Tuttte joined Hewlett-Packard 
in 1962 after earning his BSEE degree 
from Utah State University. At -hp-, 
Terry has worked on the 331A-334A 
Distortion Analyzers and as Design 
Leader on the soon tobe-annou need 
Modef 400F highly-sensitive AC Volt- 
meter, He is a member of Phi Kappa 
Phi honorary fraternity and at present 
is earning a Masters degree In EE 
under the — hp— Honors Cooperative 
Program. 




LARRY A. WHATLEY 

Larry Whatley joined Hewlett-Pack- 
ard in 1964 where he has been con- 
cerned primarily with the — hp™ Models 
331A-334A Distortion Analyzers, Prior 
to that time, he worked in space in- 
strumentation for a year with an aero- 
space firm. Larry graduated from Okfa 
homa State University with a BSEE de- 
gree in 1962 and obtained an MS 
degree there in General Engineering in 
1963. 



• 5 • 

)Copr. 1949-1998 Hewlett-Packard Co. 



difference ih.it Ins been noted in prac- 
tice is ]/ 2 dB. 

LINEARITY 

The overall performance of the new 
analyzer lias been evaluated by using a 
wave analyzer to measure the distor- 
tion thai a typical Distortion Analyzer 
introduces Into a signal. For these tests, 
a signal with distortion products at 
hast 100 dB below the fundamental 
was applied to i lie Distortion Analyze] 
iupm. When the tesi signal win sei to 

"» kl!/, u.;S\ rms(l „ 'Set Level*), the 

wave analyzel showed the Distortion 
Analyzer output to have a 2nd liar 
mom (10 kHz) level 84 dB below the 
fundamental* The 3rd harnioni< (15 
kl Lj was i tin d II, B\ contrast, an) in 
dicaiion oi total distortion lowei than 
— 7<r dil is "11 i fie scale of the Distor- 
tion Xtulv/et and within the noise 
level. Hence, distortion introduced by 
the Distention Analyzer in ihe audio 
range is s<> low as to noi be distinguish- 
able from rhe noise level, 

Wnli ,i 500-kHa input, the wave ;m- 
alv/ei indicated a 2nd harmonic (1 
MHz) level or - 7R dB and a 3id h;u- 
monu (1.5 MH/j of — 70 dB showing 
ilia i even at 500 kHz, harmonics in 
iioduced by the distortion analyzer are 
of ver\ low order. The distortion an- 
alyzer reading in this case was — 71 
dB. 

WAVE ANALYZER PRE-AMP 

Similar rneasurenienta confirmed 
that whenever a Distortion \n.d\/<i Is 
io he used as a filler pre amplifiei l<n a 
wave analyzer in the measurement oi 

ver\ low distortion signals, ii should be 
operated at the lowest possible signal 
level. This agrees with the theon ih 
when the signal level changes in a s\s 

* In these m easy rem e fit 5 > the ran&e of the wave analyrer 
reading was increased 60 i?B ty se»t i^g the Distortion Ar 
alyzer meter range **rtcti for highest sensitmty *rth t he 
fundamental! nulled out, which maximizes the residual signal 
at the output, 



A FAMILY OF DISTORTION ANALYZERS 
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Distortion Analyzer described in accom 
panying article is one of four new analyzers 
which all use same measunng circuitry with 
wide fitter tuning range (5 Hz to 600 kHz] 




Fig. 8. PF del erf or is untuned and re- 
sponds to signals within range id $SQ 
kHz to 85 MHz. Demodulated .signals 
are attenuated above 100 kHz to prr- 
rvnt RF tnyt M*r fftd-thffHigh* 



torn that is not absolutely linear, the 
amplitude of the harmonics varies at a 
greater rate than the fundamental. 3 

In obtain quantitative information 
about the relation ol harmonics to sig- 
nal level, the Distortion Analyze! sen* 
siiivu v verne r, control, which follows 
the Impedance Converter* was sci ro 
the maximum position, thus allowing 
minimum signal tnpui to the Imped- 
ance Converter. Willi a OJ-volt ( L00 4 , 
Set Level), IMtHz input, the 2nd har- 
monic in the Distortion Analyzer out- 
put measured *3 dB below the Inn- 
dameniai. \\ "lien I he input signal Level 
was i banged to 0.1 V (30 1 ,, 'Set Level*), 
ilu- Hud harmonh measured — l M dB 
wiili respe< t 10 the fundamental, a rela- 
tive improvement of 7 dB and a total 
change of 17 dB with respect m the 
i i I'linal 0*5- V input level, Since theoi ) 
showed ih;ii the 2\u] harmonic would 
change 20 dB for each 10 dB change 
iti signal level, one would expeci a ner 
change <»i in dB with respeel n> the 
new signal level. The measurement did 
noi quite conform o> this rate ol 
change because iwo independent Cir- 
cuits were Involved, the Impedamr 

( '.* invertei .md i he Rejei t ion Amplifiei . 
Measurement of the Sfd harmonic 
showed a level oi It HI i| 11 with re- 
spect to the 0.3-Voit Tj-kll/ input Signal] 
,i i nl 1 10 dll with rcspc* t to the 0.1 
voli inpuc Thebrj indicated a 20-dB 
improvement but the actual change 
wag —lit iiii. again foi the same rea- 
son. Nevertheless, these measurements 
showed that the performance <>l a dis 
tortion analyzer can he enhanced In 
setting the "Set Level' reference at \al 
lies [owes than I ui r j . 

RF DETECTOR 

I In broadband Rl detector in the 
new analyzer is untuned and accepts 

^ Chartes R Moure, "Two Ways to Measure Distortion/ Elec- 
tronics, Vol, 3D, No. 80, OJ. 4, 1S55. 



and broad voltmeter frequency range (up 
to 3 MHz), 

For applications where lower initial cost 
is more important than speed and conven 
rence of automatic nuUmg r Models 331A 
(photo) and 332A have precision mechani- 
cal drives for accurate manual tuning with 
out automatic nulling (switched high-pass 
filter is also omitted). Model 332A has RF 
detector but Model 331A does not. 

Model 333A is identical to Model 334A 
Automatic Nulling Distortion Analyzer ex 
cept that RF detector is omitted 
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Fig. 9 Switchable high-pass fitter atttm- 
ii tit*-, power lint ham mitre than 40 dB, 

IB mt*ofl point is at iuo Hz, 



lib signals greater than 1 volt within a 
rang* ol S50 k 1 1 . ■ to 65 MM/. In the 
broadcast band (SSfluMMB kiln, the 
<lr ir t tr>r introduces Jess than iK.»v, ili$- 
tortlon into signals tarried on 3-R V 
i ms carriers modulated S0% (See Table 
I), The at input impedance of tills 
detector is summarized in Table IL 

A schema! it of tile RF <leterh>r is 

shown in I ix 8 Phe filter, ;i 6-jx>le 
Lutterworth type, tuts nil above 100 

kll/. :dlmvini4 i he ">[Ii harmonic ol a 
L'tt kll/ audio signal to be included in 
i he measurement. Filter respond i 
down 7 n dB a i 500 kHz, however, pre- 
venting feed through ol KJ carriers 
that are neai the low end of the broad- 
cast band. 

BATTERY OPERATION 
It rminals on the rear panel connect 
to the powei suppl) regulators within 
the new analyaser, permitting ihe in- 
strumeni t<> be operated from batteries 
where it is desired to eliminate ground 
loops arising limn power-line intercon- 
nects, Two batteries are required, each 
within a voltage range of 28 to 50 volts, 
and each capable of supplying 80 mA. 
The switched high-pass filter in the 
Automatic Nulling Distortion Ana- 
r removes airs ai pit kup thai ma\ 
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TABLE I. DISTORTION INTRODUCED BY RF DETECTOR 



Frequency 


550 * 1500 kHz 


65 MHz 


Carrier level 


IV 


3-SV 


IV 


38V 


THD at 30% modulation 
THD at 100% modulation 


- 48 dB 

- 28 dB 


- 58 dB 

- 44 dB 


-38dB 
~25dB 


-46dB 
- 33 dB 



TABLE N. INPUT IMPEDANCE 
OF RF DETECTOR 



Frequency 

(MHz) 


INPUT IMPEDANCE 


Real component 
(ohms) 


Reactive component 
(pF) 


1 
5 

10 
25 
50 


1.6 k 
450 
1.9 K 
1.1 k 
300 


20 
20 
16 
13 
21 



interfere with the measurement. \$ 
shown in ilu- diagram of Fig, \K the 
flitm lus ;. :>-<ns point ai WO Ht and 
an 1 8 tlB | k -f octave roll-ofL it attenu- 
ates 60- H/ hum components by more 
than 46 ilB. 
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SPECIFICATIONS 

-hp- 

MODELS 331A, 332A r 

333A, AND 334A 

DISTORTION ANALYZERS 



DISTORTION MEASUREMENT RANGE: Any 
fundamental frequency, 5 Hz to 600 kHz. 
Distortion levels of 0.1% * 100% full scale 
are measured in 7 ranges, 

DISTORTION MEASUREMENT ACCURACY: 
Harmonic measurement accuracy: 

For fundamental of less than 30 V at input; 
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Far fundamental of more than 30 V at input: 
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Mliiffludi Error 
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Elimination characteristics: 

Fundamental rejection: >80 dB 
Second harmonic accuracy for a 
fundamental oft 

5 to 20 Hi: better than ± 1 dB 

20 Hi to 20 kHz: better than ± 0,6 dB 

20 to 100 kHz: better than - 1 dB 

100 to 300 kHz: better than 2 dB 

300 to GOO kHz: better than 3 dB 

Distortion introduced by Instrument: 

■ 03% from 5 Hz to 200 kHz 
< 0.06% from 200 to 600 kHz 



Meter indication: proportional 
value of sine wave, 



to average 



FREQUENCY CALIBRATION ACCURACY: 
Models 331A and 33?A: 

Better than ± 2% from 10 Hz to 200 kH* 
Better than — 3% from 5 to 10 Hi 
Better than 4 8% from 200 to 600 kHz 



Models 333A and 334A: 

Better than ± 3% from 5 Hz to 200 kHz 

Better than 4-8% from 200 to 600 kHz 

INPUT LEVEL FOR DISTORTION MEASURE- 
MENTS: 0.3 V rms for 100% Set Level or 
0.245 V for dB Set Level (up to 300 V may 
be attenuated to set level reference). 

VOLTMETER RANGE: 300 ^W to 300 V rms ftjJJ 
scale (13 ranges) 10 dB psr range. 

VOLTMETER ACCURACY (using front panel in 
put terminate): 



VM ftANGC 


V»rimu 


-, Trrn' 


" Z% 


• 1% 


M0 *V 


3a nr JomiHj 


:'jh: fertKH: 


1 irtf- 3R V 


HO Hi - 1 WHf 


5 Hjf - 3 U HI 


im / r »a v 


Ifl H*-3TO»H/ 


5 Hj . SOS Ud 



NOISE MEASUREMENTS: Voltmeter residual 
noise on 300 ,mV range: < 25 ^iV rms, when 
input is terminated in SOO ohms, < 30 jiV 
rms when terminated with shielded 100 k 
resistor. 

INPUT IMPEDANCE: 

Distortion Mode: 1 Megohm shunted by less 
than GO pF U0 megohms shunted by < 10 
pF with hp 1O001A Divider Probe). 
Voltmeter Mode: 1 Megohm shunted by 30 
pF. 1 to 300 V rms; 1 Megohm shunted 
by 60 pF. 300 iiV to 0.3 V rms 
(Input capacitance increased 20 pF wrth 
rear Input modification ) 

DC ISOLATION: Signal ground may be ± 400 
Vdc from external chassis. 

OUTPUT: Approximately 0J V rms output for 
full scale meter deflection. 

OUTPUT IMPEDANCE: 2 kllohms. 

AUTOMATIC NULLING MODE 
(Models 333A and 334A) 
SET LEVEL: at least 0.2 V rms, 

HOLD -IN CHARACTERISTICS: 

Xl frequency range- manual null tuned to 
less Of set level; total frequency 

hold in :. 0.5% about true manual null. X 10 
through Xltifc frequency ranges-manual null 
tuned to less than 10% of set level: total 
frequency hold in ± 1 % about true manual 
mill 



AUTOMATIC NULL ACCURACY: 

5 to 100 Hi: Meter reading within to -k 3 
dB of manual null. 100 Hi to GOO kHz: Meter 
reading within to -f- 1.5 dB of manual null. 

HIGH PASS FILTER: 3 dB point at 400 Hz with 
18-dB-per-ootave roll-off. 60-Ki rejection 
> 40 dB. Normally used only with funda- 
mental frequencies greater than 1 kHz. 

AM DETECTOR 
(Model* 332A and 334A) 

DETECTOR: High impedance dc-restoring peak 
detector with semiconductor diode operates 

from 550 kHz to greater than 65 MHz. 
Broadband input, no tuning required. 

MAXIMUM INPUT: 40 V p p or 40 V peak Iran- 

DISTORTION INTRODUCED BY DETECTOR (for 
3 ■ 8 V rms carriers modulated 30" p): 
Carrier frequency 55D kHz 1.6 MHz: <0.3% 
Carrier frequency 1.6 - 65 MHz: < 1% 

NOTE: Distortion introduced at carrier 
levels as low as 1 volt modulated 30% 
normally is < 1% 550 kHz to 65 MHz. 

GENERAL (All model*) 
POWER SUPPLY: 115 or 230 volts ± 10%, 50 
to 1000 Hz, approximately 4 watts. Ter- 
minals are provided for external battery 

supply. Positive or negative voltages be- 
tween 30 V and 50 V required, Current drain 
from each supply is 40 mA (Models 331A 
and 332 A) or B0 mA (Models 333A and 
334A). 

SIZE; Nominally l6V t in. wide by 5 1 -, in hrgh 
by ll s .4 <n. deep behind front panel 

WEIGHT: Net 17*i lbs. (7-98 kg). Shipping 
23 lbs, U0.35 kg). 

PRICE: Model 331A: $590.00 

Model 33 2 A; 1620-00 

Model 333A: 5760.00 

Model 334A: $790.00 
Option: 01 h Indicating meter has VU charac- 
teristics conforming to FCC requirements 
for AM/FM and TV broadcasting: $15.00, 

C10 331A. C10 332A. CIQ333A. C10 334A, Rear 
input terminus In parallel with front ter- 
minals; price on request- 
Prices f ,o b. factory 
Data subject to change without notice 
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AN ADJUSTABLE STANDARD RESISTOR 
WITH IMPROVED ACCURACY AND HIGH STABILITY 

A new standard resistor designed in the -hp- Standards 
Laboratory can be set to within ±0.15 ppm of nominal, sub- 
stantially facilitating precision calibration work. 



Standard resistors are used in 
standards Laboratories* calibration 
laboratories, and production areas 
Eor precision resistance measure- 
ments and precision voltage divid- 
ers, and lor rali bra ting precision 
resistance-measuring rind Voltage- 
ratio devices. In most standards tab 
oratories, the working standard for 
resistance measurements is the Na- 
tional Bureau <>l Standard (NBS) 
type of standard resistor, developed 



•This resistor is used by the National Bureau of Stand- 
ards as a standard for resistance values greater than 
tint ohm. Trie NBS standard 1-ohm resistor is trie 
TlkOOUS type, developed in 1SJ1 



by E* B. Rosa and described by him 
if! 1 90S.* The remarkably long ten- 
ure o$ this resistor and the many 
thousands now in use show that it 
has been a very satisfactory stand- 
ard for most applications. But, like 
any other design, dm Rosa type i* 
less than per feu, ami in the stand- 
ards laboratories the need lot art 
improved resistance standard has 
been recognized for man} years. 

\ new type of standard resistor 
has tiow been developed in the Hew- 
lett-Packard Palo Alto Standards 
Laboratory. The new standards are 



adjustable with a precision of a 
small fraction of i pan per million 
(0.0001%), and are set at the factory 
to be within I part per million 
(ppm) of their nominal resistance 
values, in terms of standards <ali 
brated h\ die National Bureau of 
Standards, i \tt uncertainty in the 
XBS calibration gives an overall 
uncertainty of about ±tj ppm in the 
values of the new resistors.) Some 
Rosa -type resistors, on the other 
hand, may differ from their nomi- 
nal resistance valises by up to ±50 
ppm (with similar uncertainties). 
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The principal dillercn<c hciwtrn 
flie new resistors ami older upes is 
their adjustability. Accuracy re- 
quirements ol I ppm m better are 
now common for resistance meas- 
urements and voltage dividers in 
standards laboratories. Since tin: re- 
sistant e "I a typii al Rosa-type stand- 
ard ma\ differ from its nominal 
value by as much as ±50 parts per 
million (ppm), and no provision is 
made i<n subsequent adjustment, 
corrections must he applied when- 
ever these resistors are used in appli- 
cations requiring accuracies of the 
order ol t ppm. The correction is 
different for each resistor, which 
nit mhs ili.it considerable call ulation 
may be required, especiallj when 
several standard resistors are in- 
volved, as they are, lor example, In 
precision voltage dividers. 



rhe new — fvjp^ — design, on the other 

hand, is ninth simplei m u>r. These 

resistors can be set to within OJS 
ppm ol rhe desired resistance value. 
Nearlv perfect voltage dividers can 
be synthesized 1>\ setting several ie- 
>istnis, s.tv 10, equal to each othei 
within ±0.15 ppm, and selecting an 
average one of the lOfoi the bottom 
resistor ol the divider. Provided 
that no temperature changes occur, 
[he accuracy of the resulting ratio 
ol 10 to I will be beiui than thai 
of ihe individual resistors by an 
order ol magnitude, i.e. ±0.015 
ppm. 1 More import ant for tin* user, 
this at tin at v can be obtained with 
out tali illations ol an) kind. 

The new resistors are now avail- 
able in nominal values «>l 100 oIuun, 
1 kilolnm 10 kilohms, and MM) kil- 
ohms. Additional values to be avail- 



able in the near future will be I 
ohm, 10 ohms* and I megohm, 

CONSTRUCTION 

Both the -fop- resistor and the 
Rosa resistor are wire-wound resis- 
i(ir*i in which the resistance element 
is a coil ot resistance wire supported 
K\ ,i cylindrical form. However, 
there are three major differences in 
construction. First, there is no brass 
form in the finished -hp- resistor, as 
there is in the Rosa-type; instead, 
the coil and two layers of j polyester 
lonn a thin Self-supporting shell. 
Second, the -hp- resistor is adjust- 
able: a trimming potentiometer and 
assCN iaieti resistance roils are added 
to the basic resistance coil to permit 
ise setting id the final value. 

i 'Establish frig Ratios to One Part in Ten Million," \fRL 

Precision," Vol, IV, No + 1, June, 1961. 
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hi_ L Con it ru r t ion details of n eu r adj u s t ab le -h p- stun da rd 
resistor, (a) Thin polyester film is placed on i r temporary 
brass form (i enter}, Itesistaru c toils are wound on this as- 
sembly and a second polyester film is slip pet I oyer the coils. 
Then segments (r) of form are removed, leaving eoil-and- 
polyester sandwich' th. th) Main resistance etui, trimming 
potentiometer, and associated roils are at lathed to header 
and terminals, then seulcfl in brass ease fillet I with moisture- 
free oil, fe) Top eiew of header, showing thermometer well 
in center. Photograph at top of page $ SflOW$ earn pie ted re- 
sistors. Values nou 1 ataitahle are 100 ohms and I, H) t and 
100 kilohms. 
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Fig. 2. Circuit diagram of adjustable 
standard resistor. 

Third, the noii-iiictij Hit materials 
used in the— hfh- resistor are aU mod- 
ern plastics, which are corisiderabl) 
more inert than the phenolic, haul 
rubber, cot ion, and silk used in the 
older resistors* 

Fig. I is a series <jI views showing 
the consti union ol the new resistors, 
The completed resistors, hermeti- 
cally sen led in their oil-filled brass 
cases, are shown [n the photograph 
ai the top ol page 8, 

The completed winding actually 
has several set Lions. Fig. 2 is a wiring 
diagram, showing the main coil R, 
in series with the additional (oils 
and the 50-ohm potentiometer. The 
value of R : , varies with R 3 , so that 
the same 50-ohm pot gives a range of 
adjustability <>1 about ±25 ppm for 
all resistance values, 

SETTABIUTY 

The adjustability of the new 
standard resistors makes it possible 
to set one of them equal to a refer- 
ence standard, or to set several ol 
them equal to each other, with great 
precision. The precision with which 
thev can be set is a function of 



the resolution of die wire-wound. 

50-ohm trimming potentiometer. 
The minimum adjustment, or reso- 
lution, of this potentiometer is 0*2 
I ppm, uhi< h permits the re- 
sistor i«i be adjusted to within ±0J 
to 0.15 ppm ot the nominal resis- 
tance. 

The high-quality wire-wound po- 
tentiometer can be adjusted with a 
screwdrivei to change the resistance 
of the standard by ±25 to ±30 ppm. 
Because the range <>l adjustability 
is small, the stability and thermal 
characteristics of the standard are 
not appreciably affected by the pres- 



ence of the potentiometer. Access to 
the adjusting screw is guarded by a 
removable plug screw which can be 
sealed wiih lacquer it desired. 

Settabilit) ol the -hp- standards 
is especially significant when preci- 
sion voltage dividers are needed, as 
isolien the case in standards labora- 
tories* Precision dividers can be syn- 
thesized by a simple matching proc- 
ess, and can be used in normal 
operations without calculating an) 
correction factors, lo form a iwn- 
decade divider, ten resistors of the 
same nominal value <an be man hed 
to eath other; then each of nine re- 



10> M 10k 



100k 



100k 



100k]: 



100k 




100k 
Values in ohms 



i . i 

KELVIN-VARLEY DIVIDER 



"5 



dc POWER 

SUPPLY 



Fitf, 3. Schematic diagram of precision voltage divider shown on 
cover. Divider consists of 4ti adjustable standard resistors in con- 
stant* temperature oil hath, and is used by -hp- Standards Labora- 
tory to calibrate Keivin-Vartev voltage dividers and other pre< ision 
instruments* Adjustability *tj resistors permits precise setting of 

ratios and eliminate* manv calculations. 
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™ sisters of the ntxi higher decade 
value can be matched to the sum of 
the first ten. This process can be tar- 
ried further to make as many dec- 
ides as desired. 

The cover photograph shows a 
precision 5-deeade divider designed 
and built in the -ftp— Standard Lab 
oratory. The divider consists of 46 
resistors in a constanMemperature 
oil bath. This precision divider Is 
used by the Standards Laboratory 
jii calibrating universal ratio sets, 
volt boxes, and Kelvin Vai lev voh- 

age dividers, arid w manj other ap- 
plications, Because 0i the physical 
arrangement and the adjustable 
standards, many operations which 
previous!) were tedious and time- 

suming i. in now be performed 

quickly, accurately, and conven- 
iently. (See Wig, 3 tor a schematic 
diagram of the arrangement shown 
mi the co* 

STABILITY 

I Stabilit) ol a resistoi is the per- 

centage change in its resistance over 
a specified period of time, usualh 
one year, Si ability data current!) 
available lor -hp- standard resistors 
are based upon 8 to 1-month tests ol 
groups of 10 resistors, and indicate 

that t lie new resistors have ma\i 
mum drifts of 5 to 8 ppm/year. Typ- 
ical drills are specified as ;i to 5 
ppm/year, depending upon the ie 
sistance value. This compares lavor- 
abh with oldei standards, which 
ih\h an average 8 ppm/year- 3 

l.ongei lests oi larger numbers ol 
resistors will he necessaiv before the 
long-terra stabilit) ol the new stand 
ards is known with certainty. How* 
ever, it is Mgoihraui that the new 
resistors ran be readjusted to com- 
pensate I tir drift, and this is not pos- 
sible with older types. 

THERMAL CHARACTERISTICS 

I'he resist. inc e ol a u tic- wound k 

SiStor is a function ol the tempera 

h uue of the wire. This temperature 

' J. L Thomas, "Precision Resistors and Their Measure- 
ment/ National Bureau of Standards Circular 470, 1948, 
p. 10, 
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Fir. 4. Variation of resist ante of resistance wire trilh temperature. 



can change, eithei because of the 
self-heating which accompanies tor- 
rent (low in the w T ire, or because of 
variations in the ambient temper- 
ature. 

Fig r I shows how the resistance of 
a typical sample of resistance wire 
varies with temperature. Notice the 
relatively llai portion ol the curve 
near room lemperature. For 15 03 
l r u C on either side ot the renter of 
this Hat spot, the resistance can be 
described accurately bv the formula 

R T =R,-,| l+«(T-25)+/?(T--n I 

Where R T is the resistance at T C* 
R is the resistance at 2.VC. and a 
and ft are temperature coefficients 
which are determined experimen- 
tally lor each resistor. 

In the new -hp- standards, the 
wire is Kvanolnn (75% nickel, 20% 
chromium, %& aluminum, 2 ..v. 
copper) with typical values of a bt - 
tween o and +2 ppm i ! Evanohm 
wire has high resistivit) ^nd <j rela 
tiveh Hat resistance-vs-temperature 
curve* and is stable and insensitive 
to moisture. 

I he temperature coefficients (a) 
ol older standard resistors are typi- 



call) : > ppm e pi higher. One ol 
the reasons lor this large « is thai the 
brass forni expands when its tempet- 
aturc rises, and this stresses the re- 
sistance wire and causes its resist i\ \\\ 
to change. This problem is great I\ 
redtued in the -ftp— resistors. Wire 
stress is much smaller because the 
thin poKestei form does not Stress 
i he wire, and because care is taken 
in the winding operation to mini 
raize the tension on tlu wire and to 
avoid twisting 01 straining the wire. 
\s a result, the efFe* live temperature 
coefficients ol the new resistors are 
very ne.irb those ol the wire alone. 

Fig. 5 shows resist am e-vs-time 
curves For two ty|>es of standard re 
sis tors. Both were wound from the 
same wire, but on di tie rent forms. 
The tests were 34 minutes long, and 
the power le\el was <U W, which is 
a common level for resistance meas- 
urements. 

Fig, 5a is Eoi a resistor with a brass 
lorm similar to that used in the 
Rosa-type, the apparent tempera- 
lure coefficient « for this resistor was 
about +7 ppm C. Fig. 5b is for a 
resistor with a forni consisting of 

one layer of polyester under the re- 
sistance wire and one over, like the 
form used in the new standard re- 
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Fig- 5* Changes in resistance values 
of standard resistors due to self~ 
heating, showing effects of type of 
form on which coils ore wound, (a) 
is for resistor with brass fortn. as in 
Ilosa-type standard resistor, (b) is 
for polyester form, as in ™hp- type* 
Both resistors were wound of same 
wire and power levels were both OJ 
W. (Note expanded time scale for 
first 6 minutes J 
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sistors, The coefficient <* for this re- 
sist ur was about — I — 1 -3 ppm/°C, very 
close to I he toinju 1 ! .ii ut « coefficient 
of the wire alone. 

At a power level of 0, 1 \V, the new 
resistors reach thermal equilibrium 
in oil at a temperature which is 
about 0*3 C above their initial 
value. This results in a maximum 
resistance < hange oi about 1 ppm. 

Another thermal diei I which can 
b<- troublesome in resistance meas- 
urements is the generation within 
the resistor of thermoelectric voh- 
at>es due io junctions between dis- 
similar metals (e.g., Evanohm-eup 
per). In the new resistors, careful 



attention ha* been »iven to elimi- 
nating these vol i ages by balani tng 
them out. 

TRANSIENT PERFORMANCE 

When voltage is applied to a 
\\ fir a stone bridge circuit which 
contains a Rosa-type standard re- 
sistor in one of the arms, there is 
often a large swing ol the galvanom- 
eter pointer, followed In a slow re- 
cover} towards a steady-state indica- 
tion. Atypical swing foi a lOkdohm 
resistor max be 10 to 50 ppm, with 
a recovery time ol hall a minute ur 
more. The effiet i is smaller on 1-kN- 
ohm resistors and hardly noticeable 



for resistances of 100 ohms oi less, 
but is larger for resistances greater 
than III kilohms 

Although lliis phenomenon is 
often called 'indue live kick! stand 
ard resistors are usuall) wound so 
as to reduce indui tive eilec ts, and a 
lii-kilohin mil on a brass form acts 

i <■ tike .i t apa< itance ni 500 to 

3300 pF. ( 1 he -hp- t\pc, with its 
polyester form, has a capat itance ol 
a!n jut 12 pT and an iuductanee of 
a \cw millihenries,) Charging of this 
huge winding capacitance certain!) 
contributes to the galvanometei 
swing. However, the time constant 
of the typical recovery towards null 



o 




10 14 18 

TIME IN MINUTES 



Fig, £>. Changes in resistance val- 
ues of standard resistors at power 
level of J W. fa) Rasa- type resis- 
tor before cleaning of header. 

(bl Same resistor after header WOS 
cleaned, showing that many tran- 
sient effects fire caused by electro- 
chemical cell formed on header by 
impurities, ft) — hfi— type (Serial 
No. 00 IS) after too years service t 
showing that contamination has 
been eliminated by use of inert 
materials. (Note expanded time 
scale for first 6 minutes.) 
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Fig. 7. Typicai recorder traces of transient 
voltages across headers of 5 standard rcsis- 
tors. With resistance evils disconnected, 
headers tie re charged to 30 V. then were 
allowed h* discharge through 50 kilokms. 
Resistors A, 3 />. E are Rosa- type: resist or 
B is —hp— type. I leaders B and E shun only 



capacitance -charging effects. Others shote 
long-time-constant transient knot en as 'in- 
duct ice kick' Results show this is due to cell 
formed un phenolic headers by impurities. 
not to reactance of resistance cud. Vertical 
scale 2.5 pV per division, hnttcontol scale 



1 in pet nun, 



is too long to be caused by the 
(charging ol cvm a 3300-pF capaci- 
tance. 

Studies of i his phenomenon which 
have been undertaken by ih<- -hp- 
Standards Laboratory have led to 
the conclusion thai ii^ principal 
cause is the formation of a small 
< ell. or battery, on the surface of the 
header in the older type ot ^landard 
resistor. Chemical analysis i>i scrap- 
ings from phenolic headers which 
have been in use for several years has 
shown that the scrapings contain rel- 
atively large amounts of calcium, 
silicon, magnesium, lead, and iron. 
The electrochemical tell formed on 
the header by such substances can 
cause almost unpredictable tran- 
sient effects. 

Fig. 6 shows the performance of 
run standard resistors in SI minim 
tests. Curve (a) is for ;i typical Rosa 
standard which had been in service 
lor :i number ol years. Curve (b) is 
for the same resistor after the header 
bad been scrubbed. The erratM be- 
havior of curve (a) was great!) re 
duced b) cleaning the header, indi- 
cating thai chemical deposits are in- 
deed responsible for some of the 
transient behavior of older standard 
resistors. The resistor used in this 
test began to behave erratically 
again about six months after it was 



i leaned, and a second cleaning again 
restored its stability. 

To eliminate tiie contaminants 
thai were present in older types, the 
monometallic parts ol tin- new resis- 
tors are made ol modern plastics 
whi< 1 1 are chemically inert. Polycar- 
bonate, nylon, and polyester are 
used as structural elements* and 
fprtnvar insulation is used on all 
metal parts so i hat none of the re- 
sistor circuitry is in contact with 
the oil. 

Curve (c) ol Fig. <i is lor a typical 

-hp- standard resistor which bad 
SPECIFICATIONS 



-hp- 


5ERIES 


moo 


STANDARD 


RESfSTORS 


RESISTANCE: 




-hp- Model 


Resistance 


11102A 


100 u 


I1103A 


1 kS 


11104A 


I'H K: 


11105A 


100 k'.l 



LIMIT OF ERROR: Calibrated at rated 
power (25*C) to within 6 parts per 
million (0,0006%) with reference to 
the legal ohm maintained by the Na- 
tional Bureau of Standards. 

STABILITY: (Drift in ppm/yr), 

11102A11103A 11104A 11105A 

iiooir) a koj uo ki.o noo ki?) 



Rated 3 

Typkaf < 10 



3 

<10 



3 
< 15 



5 
<20 



TEMPERATURE COEFFICIENT: 
Typical: ^2 ppm/"C" 
Rated: _L4ppm/ B C 



been in service for about two years. 
hi i un iras l to the older type h 
showed no erratic behavior at all. 

The theon thai "inductive kick' 
is caused In the formation of a small 
tell on the header was lunhei \vii- 
hecl In i he resuhs o| tcsls involving 
the headers alone, The headers ol 
several 10-kilohro standard icsiv 
tors, both Rosa-type and -bp- type, 
were disconnected from their resist- 
ance coils and charged h>i several 
minutes with SO volts between their 
terminals. The hea tiers were then 
carefully transferred to the input 



Included with each standard resistor 
are Alpha and Beta values used to cal- 
culate the resistance of the standard at 
temperatures other than 25 D C 

POWER RATING: 1 watt 

ADJUSTMENT RANGE: 25 ppm 
Resolution: 0,3 ppm 

CONNECTIONS: Four terminal, NSS- 
type, oxygen-free copper, nickel* 
rhodium plated, 

DIMENSIONS; 

Maximum envelope: 3 \ |£ in x 2 in, 
x 6 in, f85 f 7 mm k 5Q h 8 mm x 
152.4 mm} 

Case: 2 in, diam. x 4- ... in high i50,8 
mm x 117.5 mm) 

Thermometer weM: 0,302 in. diam. 
7.7 mm J 

WEIGHT: Net; 13 lbs. (0,58 kg) Ship 
ping; 2 lbs. (0,9 kg). 

PRICE: 175,00 each. 

Pnces f.o.b. factory 
Data subject to Change without notice. 
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PAUL HUBBS 

Paul Hubbs joined -ftp- in 1952 
as a microwave development engi- 
neer. He moved to the -hp~ Stand- 
ards Laboratory when it was estab- 
lished in 1953, and he is now 
responsible for dc and fow fre- 
quency standards in the Corpo- 
rate Standards Laboratory in Palo 
Alto. He was responsible for the 
design of the Model 738AR VTVM 
Calibration System and has de- 
signed many special- purpose in 
struments. 

From 1941 to 1950 r Paul was 
a radio station manager in Portu 
guese Macao and a flight crew 
member for an international air- 
line firm. 




HENRY T. HETZEL 
Henry Hetzel graduated from 
Haverford College in 1961 with a 
B.S. degree in Physics. After a year 
of graduate study at the University 
of Pennsylvania, he worked for one 
year on instruments for the blind, 
and for two years as a designer of 
biomedical instrumentation. 

Henry joined the -hp- Loveland 
Division in 1965. and is now in 
charge of production of the new 
standard resistors. He is also con- 
tinuing his work towards a Master's 
degree at Colorado State University* 
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Hewlett- Partanl Standard Resistor m«ih 

S#rtaJ Mn Cidibrjiiiw Na, 



tiuLmiUred By_ 



Temperature 
°C 



Uncertainty 1 



• Adjusted to the nominal value of rfsutanci- bciwroci 

wilb a priMMJitot] cf t . parts pur nullum. 

•• Accuracy unei> rta;nty will: refpjvnce to the Isgat nhrtl EUafanUlfttd b# the 
NalianaS Burnou af Standard*. W^htnclan IXC. 

Temperature Cd«fifhlJ*J*K 

[See atcarbcd sheet for coeffkient equation*^ B = 

a fix io B ) 



J. R Harui'hfi 

Matuiger. Standards Laboratory 



Fig. 8. Calibration report is supplied with each standard resistor 

terminals of a d< null voltmeter, ami ing that it w?as sei t<> its nominal 
iheroetei readings were recorded on value with a maximum uncertainty 
.i sti ip *■ hai t recorder, Hie effective oi ±6 ppm. Accuracy of this adjust- 
resistance in parallel with the head mem i^ traceable in ilu National 
i'is was Till kilnhms. Bureau ol Standards, I he calibra^ 
Fig, 7 >hous typical recorder don rcpon also gives the tempera- 
traces. The initial impulses were ture coefficients for each resistm, 
caused b) the discharge ol the and a self-heating curve (not shown), 
header capacitances, whit h are :> few whh h is a temj)eniture~vs-tittie t nnc 
I farads with the resistance roils for ih< appropriate resistance value 



disconnected. Alter the initial im- 
pulses, the voltages across mosi ol 
the headers decayed slow!) towards 
/ciu. rhf curves ,iii' roughl) expo- 
nentlal, and have tune constants ol 
Thill a minute oi more. This is the 
behavior known as 'inductive kick! 
This tesi shows thai ii is a propi 1 1) 
<>f the header and not <»i the resist- 
ance coih.and thin it can more prop 
erl) be * ailed ;i c ell effe< t '. 

CALIBRATION REPORT 



at > powei level oi OJ W 

ACKNOWLEDGMENTS 
1 he adjustable standard resistor 
w.is designed b\ the author in ihe 
-hp- Standards Laborator) in Palo 
Alici. Other contributors to the 
proj< ■* i were I"'"' M. Hoyie, C.Ietni 
w. Weberg, Leslie G. Vickery, and 
IV R Hand, head oi the Standards 
Laboratory. Production design and 
manufacture are under the direi 
tmu of |.M k R. I [argens and 1 lem j 



A calibration report (Fig. 8) is 1. Hei/el of the -hp- Lovelaad 
supplied with each resistor, certify- Division, —/■!./','.,' Hub hs 
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EMITTER FOLLOWER 
STABILITY^""'''/ from back co 
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Fig. 3. A more useful transistor 
equivalent circuit, valid for fre- 
u ue news 

to — — 

3 




Pjg, 4. Equivalent circuit for cir- 
cuit shown in Fig. ! 



Substituting Z k and Z L into Equs 
Lion 1 and rciii ranging gives 



Y'tAs) 



I 



- I r h >j:> 






J Ik- numerator and denominator 
polynomials can be separated into 
even and odd parts such 1 1 1 . 1 1 J 



m 



Y r m(s) 



m t (s) + ft] (s) 



The even part oil V ,^vi is given 



l.i 



/ I ,!>') = 



m, m_. — K| /i-j 



with the real part resulting when 
s=j'aj. fhus 



/iV K' /t v(jto>) =Ev Y' m (&) 



(3) 



(4) 



(5) 



S = jgj 



I fsing Equations - through 5, 
ihr i cm I pan ol i Ik- driving-point 
admittance can be found to l>e 

■M F to "Introduction to Modern Net- 

work Synthesis". John WiJey & Sonv Inc. r New Yar*. 
I960. Chapters 4 and 3. 



(ft + 1) fo + SJ 



I H- or 



^fe^^r 



1 



For i he- case where the unagi- 
1 1. u\ part nt the 1 source Impedance 
?i« >.ijw) is inductive, self-sus- 
tained oscillations will occur al .1 
Frequenc) determined b) ihe 
source inductance and the trait- 
s!>iui input capacitance for the 
condition 

Re V^itu) + Re VtttiJM) *£ (7) 

Self-sustained OS< illations will not 
exisi so long as 

#e V,i>>) + He K',J>) > (8) 

Jheieloiv. oscillations ran he 
prevented \>\ controlling either 
R? V A - (/<w ) o 1 AV y ' n jj fJ j ) . c j 1 Ih >ili. 

1! #e K^{/oi) > (I. as is usual!) 
the case, stability tan be assured b) 
111. iking /{*■ V n !./">) > Q. From 
Equation 6 it c;m he determined 
thai Re Y,\ij<*>) > so long as 

r ft ,R f Ct£ L < (9) 

^T^T (C,/+C<r) <r AV <:y + n\/:,) 






where rXV = constant F01 

I 

Equation M> can be rewritten as 



DESIGN FOR STABILITY 

Equation 1(1 or II re]uesem> 
a \ci\ iis<_'lul design criterion For 
assuring the stability oi a 1 apai 1- 
tiveJy*loaded emittei rollowei with 
an inductive souue. J he thu.imk 
emitter resistance r f is inversel) 
proportional to the ik emittei 
i urteni /,■ 

kT 

r ^7H 



where /. is ihc- Iio]t/ni.iun < onstant, 
T is the absolute temperature, and 
<i is the electron it charge. Ai room 
temperature, 

0,026 



h 



This means tlut Equation In or 

I I , and [ heteli n e I In i « iiiditlOfl 

Re Y'txijw) > 0. tan lie satisfied 
simpl) b) adjusting the <h emitter 
current I t . However, if the emitter 
current needed to meet this con- 
dition is couuadinon to other 
design conditions (e,g., at sign.il 
requirements), then the more 
general case given hv Equation S 
should he c on sic it/red. 

-(*lmn /I. DtBiik 
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STABILITY OF CAPACITIVELY-LOADED 
EMITTER FOLLOWERS-A SIMPLIFIED APPROACH 

Emitter followers with a capacitive load often oscillate 

when driven from an inductive source. The following analysis 

shows that simple adjustment in bias current will often stabilize 

the circuit. The analysis is rigorous, yet provides a much 

simpler result than is known to have been published. 



n 




Fig. 1. Emitter follower with a 
capacitive had, 

t niuriinii-icillfc tor transistor am- 
plifiers, mi emitter Followers, are 
useful in eleittonU systems be- 
cause they have both hi^li iupui 
imped&noe and low output imped- 
ance. However, sell-sustained os- 
dilations mas occur it ihe load on 
an emitter follower is capacitive 
and the impedance of the source 
which is driving the emitter fol- 
lower is inductive. 

hi this article. Stability criteria 
die derived which are useful m i he- 
design of capadtively-loaded emit- 
ter followers. The approach taken 
is that of exa mining the even or 
real part of the driving-poini ad- 
miti.mic- ami determining condi- 
tions foj stable operation. Stabilit) 
criteria lor the capaotiveiy-loaded 
emitter follower have, of course, 
been published before, but the 
analyses have not resulted in sim- 
ple, eastlv -applied results I lie 
following derivation is rigorous* 
vet gives a ninth more easily- 
applied result than is known to 
ha\e tjeen presented previous]). 
The result shows, in Eaci, thai a 
simple adjustment in dc emitter 
cLirreni tan eliminate emitter* 
follower instabilit) in mam cases. 

EQUIVALENT CIRCUIT 
An emitter follower with a « -a- 

pacitive load is shown schematic. alK 
in Fig- 1, Fig. 2 shows a v t -i\ com* 
plruet|uivalentcircuit lor the nati- 
on . i . 



V\#. S is a transistor equivalent 
circuit which is valid toi frequen* 
i ies up tOCtfy/3, wheiew/is the i ran - 
sistoi short-circuit current gain- 
bandwidth product in the com- 
mon-emitter configumtson. This 
circuit is a good com pro mist- be- 
tween implicit) and acturai v. and 
dequate for most design work. 1 

Using the transistoi equivalent 
circuit oi Fig*5, thedrcukof Fig« I 
reduces to that shown in Fig. -h 
EMITTER FOLLOWER STABILITY 

Conditions lm the stability of 

I he circuit ot 1 ii>. 1 can be found 



'For a thorough discussion at transistor equivalent cir- 
cuits, see M. S. Chausi, "Principles and Design ot Linear 
Active Circuits," McGraw-Hill Book Co., Inc.. New Yor k r 
N.Y 19S5. 



b\ examining the real part of the 
driving-point admittance V^lsl 
1 oi this analysis me transverse base 
resistance r f) > can be neglected, so 
the real part ol Tw(s) can he con- 
sidered i<> he the same js the real 
pari of the admittance Y*w(&) m 
Fi£ 4. 
Sorving* foi V n \s\ gives 

(i) 



r, v (s) = 



wit) 



l 



Ze + Z, (l+^) 



where Z h = 



''y, 



and 



rycCgS -r- 1 

8i 



Ri c L s + l 

(com tutted m.sidf on p. 1^) 







Fig. 2. Transistor hybrid-pi equivaleni i 



r t - 
«• - 



Co* 



- .KMuini few Ij.im-uhEiIi Biodulation effects 
tram resistance: 

dviianiLi rmiiui i< ^urn * 



Lnu hiMjiitm \ i r f iEivi^r4 o <ijiu-mi n.imlfj ratio '-'i 
>iM!iiinTi hsam i • <i>!iufH-incMi 

|mu lirijiu'ih\ nan^JNlMi i iirrtiil li.msln i at it » lm 
Lollillloli riiiiltt-i i ohiii;m.tlioii 
. (. , - hr.i'hi < .>|un 1UTKCS 

cotla icn baa* jttnaion rapa ri 

rr .iriM-l- u thmt>< u i ml mi rt'Til i».nn- fj.uidu i<ll li 

produi t in common emitter configuration 
C. + < h 

— cxuss pki-r sink t'actog 
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